AND CONCLUSIONS
1. The lateral pyloric (LP) neuron is a component of the 14-neuron pyloric central pattern generator in the stomatogastric ganglion of the spiny lobster, Panulirus interruptus. In the pyloric rhythm, this neuron fires rhythmic bursts of action potentials whose phasing depends on the pattern of synaptic inhibition from other network neurons and on the intrinsic postinhibitory rebound properties of the LP cell itself. Bath-applied dopamine excites the LP cell and causes its activity to be phase advanced in the pyloric motor pattern. At least part of this modulatory effect is due to dopaminergic modulation of the intrinsic rate of postinhibitory rebound in the LP cell.
2. The LP neuron was isolated from all detectable synaptic input. We measured the rate of recovery after l-s hyperpolarizing current injections of varying amplitudes, quantifying the latency to the first spike following the hyperpolarizing prepulse and the interval between the first and second action potentials. Dopamine reduced both the first spike latency and the first interspike interval (ISI) in the isolated LP neuron. During the hyperpolarizating presteps, the LP cell showed a slow depolarizing sag voltage that was enhanced by dopamine.
3. We used voltage clamp to analyze dopamine modulation of subthreshold ionic currents whose activity is affected by hyperpolarizing prepulses. Dopamine modulated the transient potassium current IA by reducing its maximal conductance and shifting its voltage dependence for activation and inactivation to more depolarized voltages. This outward current is normally transiently activated after hyperpolarization of the LP cell, and delays the rate of postinhibitory rebound; by reducing IA, dopamine thus accelerates the rate of rebound of the LP neuron.
4. Dopamine also modulated the hyperpolarization-activated inward current Ih by shifting its voltage dependence for activation 20 mV in the depolarizing direction and accelerating its rate of activation. This enhanced inward current helps accelerate the rate of rebound in the LP cell after inhibition.
5. The relative roles of Ih and IA in determining the first spike latency and first IS1 were explored using pharmacological blockers of Ih (Cs') and IA ] . Blockade of Ih prolonged the first spike latency and first ISI, but only slightly reduced the net effect of dopamine. In the continued presence of Cs', blockade of IA with 4-AP greatly shortened the first spike latency and first ISI. Under conditions where both Ih and IA were blocked, dopamine had no additional effect on the LP cell.
6. We used the dynamic clamp technique to further study the relative roles of IA and Ih modulation in dopamine's phase advance of the LP cell. We blocked the endogenous Ih with Cs+ and replaced it with a simulated current generated by a computer model of Ih. The neuron with simulated Ih gave curves relating the hyperpolarizing prepulse amplitude to first spike latency that were the same as in the untreated cell. Changing the computer parameters of the simulated & to those induced by dopamine without changing IA caused only a slight reduction in first spike latency, which was -20% of the total reduction caused by dopamine in an untreated cell. Bath application of dopamine in the presence of Cs+ and simulated Ih (with control parameters) allowed us to determine the effect of altering IA but not &: this caused a significant reduction in first spike latency, but it was still only -70% of the effect of dopamine in the untreated cell. Finally, in the continued presence of dopamine, changing the parameters of the simulated I,, to those observed with dopamine reduced the first spike latency to that seen with dopamine in the untreated cell.
7. We generated a mathematical model of the lobster LP neuron, based on the model of Buchholtz et al. for the crab LP neuron. This model generated a curve of hyperpolarizing prepulse amplitude to first spike latency similar to that seen in normal LP neurons. Alteration of the parameters of IA and Ih to those observed in dopamine caused a significant reduction in first spike latency. Alteration of the Ih parameters alone had only a small effect, whereas alteration of the IA parameters alone had a much larger effect that was only slightly smaller than altering both currents together.
8. These results suggest that dopamine excites the LP neuron and phase advances its activity in the pyloric rhythm at least in part by modulating its intrinsic postinhibitory rebound properties. This modulation appears to be mediated by a reduction in IA and an enhancement of Ih. Quantitatively, the reduction of Z* appears to be the major cause for the LP phase advance, whereas enhancement of Ih plays a more modest supporting role. We compare these conclusions with studies in other systems where the effects of IA and Ih on postinhibitory rebound have been analyzed.
INTRODUCTION
Simple rhythmic behaviors such as locomotion, mastication, and digestion are generated by restricted neural networks called central pattern generators ( CPGs: Getting 1989; Selverston and Moulins 1985) . These networks coordinate the timing, intensity, and phasing of activity of motoneurons that drive a rhythmic behavior. A network's output, however, is not fixed by its anatomic structure; modulatory inputs from the brain, periphery, or other parts of the nervous system can reconfigure the network by both altering the strength of its synaptic interactions and changing the intrinsic electrophysiological properties of its component neurons. As a consequence, a single, anatomically defined network can generate a variety of related motor patterns that differ from one another in their timing, intensity, and phasing of neural activity 
Effect
of dopamine on the pyloric rhythm. A : simplified network diagram of the pyloric network.
Only 4 of the 6 major cell classes are shown, and some weak rectifying electrotonic connections are excluded. ( Harris-Warrick 1988; Harris-Warrick and Marder 1991; Marder 1989; McCrohan 1988) .
We are studying the cellular mechanisms by which the monoamine dopamine modifies the motor pattern generated by the pyloric network in the stomatogastric ganglion (STG) of the spiny lobster, Panulirus interruptus. This 14-neuron network is one of the best-understood CPGs: under certain experimental conditions, all its component neurons and synaptic connections are known (Eisen and Marder 1982; Johnson and Hooper 1992; Miller and Selverston 1982; Selverston and Moulins 1987) . With intact modulatory inputs from other ganglia, the network generates a triphasic rhythmic motor pattern in which the major neurons fire bursts of action potentials in a stereotyped order and phasing (Fig. 1) . The major pacemaker group, composed of the electrically coupled anterior burster (AB) and two pyloric dilator (PD) neurons, oscillates and rhythmically inhibits the other neurons. The follower neurons exhibit postinhibitory rebound and begin to fire at phases determined by the pattern of synaptic inhibition and their intrinsic rebound properties. Dopamine is present as an endogenous neuromodulator in the stomatogastric nervous system (Barker et al. 1979; Cournil et al. 1994; Kushner and Barker 1983; Kushner and Maynard 1977) . Bath-applied dopamine modulates the pyloric rhythm (Fig. 1 ) by both direct effects on the baseline firing properties of the component neurons (Eisen and Marder 1984; Flamm and Harris-Warrick 1986a,b; HarrisWarrick and Flamm 1987) and modulation of the strength of synaptic connections in the network (Johnson and HarrisWarrick 1990; Johnson et al. 1993a Johnson et al. ,b, 1994 Johnson et al. , 1995 . We are now studying the ionic mechanisms underlying these modulatory actions. In a recent paper (Harris-Warrick et al. 1995) , we explored the mechanisms by which dopamine evokes a phase advance and an increase in firing intensity in a subset of the pyloric constrictor (PY) neurons. There are two mechanisms for this phase advance: 1) a decrease in rhythmic synaptic inhibition by the pacemaker group (Eisen and Marder 1984; Flamm and Harris-Warrick 1986a,b; Johnson and Harris-War-rick 1990) and 2) a direct increase in the rate of PY postinhibitory rebound, caused by a conductance decrease of the transient potassium current IA ( Harris-Warrick et al. 1995 ) . Dopamine causes a similar phase advance and increase in spike frequency in another pyloric neuron, the lateral pyloric (LP) cell. In this paper we address the ionic mechanisms by which this occurs. We initially expected the LP and PY neurons to respond identically to dopamine, and indeed IA is reduced by dopamine in both cell types. However, dopamine has an additional action on the LP cell that appears to be weak or absent in the PY cells: enhancement of a hyperpolarization-evoked inward current Ih. Here we determine the relative importance of dopamine's modulation of IA and &, in evoking a phase advance in the LP neuron. Some of these results have been presented in abstract form (HarrisWar-rick et al. 1992 ).
METHODS

Animals and drugs
California spiny lobsters, P. interruptus, were obtained from Marinus (Los Angeles, CA) or from D. Tomlinson (San Diego, CA) and maintained in artificial sea water at 16OC until use. All drugs and salts were obtained from Sigma (St. Louis, MO).
Physiological recordings
The STG, along with its motor nerves and the associated commissural and esophageal ganglia, was dissected from the animal as described by Selverston et al. ( 1976) and pinned in a Sylgardlined dish. The preparation was continuously perfused at 3 ml/min with cooled ( 16°C) saline of the following composition (in mM) : 479 NaCl, 12.8 KCl, 13.7 CaCl,, 3.9 Na,SO,, 10 MgS04, 2 glucose, and 11.1 tris (hydroxymethyl) aminomethane base, pH 7.35 (Mulloney and Selverston 1974) . Extracellular recordings were made with bipolar suction electrodes, and the somata of pyloric neurons were identified during intracellular recordings (3 M KCl, 15-25 Ma) by three criteria: 1) 1: 1 action potentials recorded intracellularly and extracellularly from the appropriate nerve root; 2) the timing of activity and pattern of synaptic interactions in the pyloric rhythm; and 3) the characteristic shape of membrane potential oscillations and action potentials in the pyloric rhythm.
The response of the intact network to 10e4 M dopamine was measured with a combination of intracellular and extracellular recordings, with intact inputs from other ganglia. Phase measurements were calculated relative to the first spike in a burst recorded intracellularly from an AB neuron. Onset and offset phases were calculated as the fraction of the cycle period to the first or last spike of the indicated neuron type.
The LP neuron was isolated from all detectable synaptic input as previously described (Flamm and Harris-Warrick 1986a,b) , using three steps: I) removal of modulatory inputs from other ganglia with a 10p7-M tetrodotoxin (TTX)/sucrose block placed on the stomatogastric nerve, the sole input nerve to the STG (Russell 1979) ; 2) photoinactivation of the two PD and ventricular dilator neurons by intracellular injection of 5,6-carboxyfluorescein and illumination with blue light (Flamm and Harris-Warrick 1986a,b; Miller and Selverston 1979) ; and 3) blockade of remaining glutamatergic synapses with 5 X lo-" M picrotoxin (PTX) (Bidaut 1980) . We allowed the preparation to recover for Z-1 h before proceeding with the experiment. Although there might be additional sources of synaptic input to the LP neuron after this treatment (Nusbaum et al. 1992) , such input was never observed.
After isolation, the LP neuron was impaled with two microelectrodes, one of low resistance (7-9 MO, 3 M KCl) for current injection and one of higher resistance ( 12-15 MO) for voltage recording. The LP cell was held at -55 mV throughout the entire experiment by direct current injection. Current injection protocols were driven by PClamp software (Axon Instruments, Burlingame, CA) using an Everex Step-386 microcomputer. Typically a series of 1 -s hyperpolarizing prepulses with increasing current increments was given, followed by a 650-ms depolarizing current pulse. This pulse was adjusted throughout the experiment to give a constant depolarization to about -44 mV, which is just above threshold for action potential generation under control conditions. This protocol with constant voltage steps allowed determination of the effect of dopamine on rebound rate without the confounding effects of the depolarization normally evoked by dopamine (Flamm and HarrisWar-rick 1986a,b). Dopamine ( 10-4-1005 M) was bath applied and the LP response was measured after 10 min. All effects of dopamine were reversed after a 30-min wash with normal saline.
Voltage clamp
The LP neuron was impaled with a low-resistance current injection electrode (4-7 MQ) and a higher-resistance voltage electrode ( lo-15 MO). For measurement of IA, the STG was bathed in saline containing lop7 M TTX, 20 mM tetraethylammonium ion (TEA), 200 ,uM Cd2+, and 5 x 10 -6 M PTX to greatly reduce non-l, currents. The cell was voltage clamped using an Axoclamp-2A amplifier driven by PClamp software using an Everex STEP-386 microcomputer.
The cell was held at -50 mV. Deinactivation of In was accomplished with a 200-ms prestep to -100 mV, and activation was then evoked by a series of steps at IO-mV increments between -50 and +20 mV. The resulting leak-subtracted outward current was abolished by 4 mM 4-aminopyridine (4-AP), which selectively blocks In in STG neurons (Golowasch and Marder 1992; Graubard and Hartline 1991; Tierney and Harris-Warrick 1992) . For measurement of &, , the STG was bathed in saline containing 10 -7 M TTX, 20 mM TEA, 4 mM 4-AP, 200 PM Cd2+, and 5 X 10 -6 M PTX to greatly reduce non-&, currents. The cell was held at -50 mV, then subjected to a series of 4-s hyperpolarizing steps at lo-mV increments from -60 to -130 mV. The currents were not leak subtracted; Zh was measured as the slowly developing inward current following the initial rapid inward leak current.
The voltage dependence of activation of IA and Zh was determined by converting the peak currents to peak conductances [assuming a potassium reversal potential of -86 mV: Hartline and Graubard 1992 for IA, and a reversal potential (V&) of -35 mV for Ih: Golowasch and Marder 1992; Kiehn and Harris-War-rick 19921 and fitting the resulting conductance-voltage curve to the Boltzmann equation (given here for IA) gA = gA( I/( 1 + e~(V~vA)'")")
where n = 3 for IA and 1 for Ih, g* is the maximal conductance, VA is the voltage at which half-maximal activation of the individual gating steps occurs, and s is a slope factor. The inactivation kinetics and amplitudes of the two kinetic components of IA were fit by the multiexponential curve-fitting routine Clampfit within the PClamp package to the following equation
where If and 7f are the maximal amplitude and time constant of the rapidly inactivating component of the current, whereas I, and 7, are the corresponding values for the slowly inactivating component of the current. These values were measured from identical points along the falling phase of the currents in all the cells.
The activation kinetics of Ih were fit in a similar manner to the single-exponential equation
Statistical analyses
Values are given as means 2 SE. Significance was determined with paired Student's t-tests comparing dopamine and control conditions. In some measurements, the percent change evoked by dopamine in a parameter was calculated, and the mean percent change, averaged over all the experiments, compared with the null hypothesis of no change. The results were judged to be significant if P < 0.05.
Dynamic clamp simulation of Ih in the LP neuron
Dynamic clamp simulations of Ih and its actions on real LP neurons were performed as previously described by Sharp et al. ( 1993a,b) using the program DCLAMP 2.0 (Dyna-Quest Technologies). The neuron's endogenous Ih was abolished with 5 mM Cs' (Harris-Warrick et al. 1995; Kiehn and Harris-Warrick 1992) . We placed two microelectrodes in the LP cell. One was driven by an Everex STEP-386 computer to deliver current clamp protocols as described above. The second microelectrode (8-10 MS2, 3 M KCl) was used in conjunction with the discontinuous current-clamp mode of the Axoclamp 2-A amplifier to monitor LP cell activity and inject the simulated current. A Gateway 2000 (60 MHz Pentium) microcomputer was programmed with the following equations for Ih (Sharp et al. 1993a,b) Ih = grnax*r*:vRe" -v)
where gInax is the maximal conductance for I,,; r is a voltage-and time-dependent activation variable and r,(V) is the steady-state value of r at V; Vrev is -35 mV for Ih ; V is the membrane potential; Vl,2 is the voltage for half-maximal activation of Ih, whereas Vk is the half-maximal voltage for k(V), the rate constant of activation of Ih; s, and Sk are slope variables; and C, is a rate constant. The voltage signal from the LP neuron was digitized and fed to the computer, which calculated the corresponding & that would be generated by the cell. This simulated Ih was then injected into the cell to replace the endogenous Ih. The parameters of Ih were set to those determined from voltage clamp studies of Ih under control conditions and in the presence of dopamine.
Mathematical model of the LP neuron
We adapted our previous model of the PY neuron (Harris-Warrick et al. 1995) for the LP neuron in P. interruptus. This model was in turn an adaptation of the model of Buchholtz et al. ( 1992) for the LP neuron in the crab, Cancer borealis. Our model has differential equations representing the major currents present in the LP neuron, including INa, lca, lkcv), lk(ca), IA, Ih, and I1e&. The equations describing the model are given in Table 2 , whereas the values of the parameters defining the LP neuron are given in Table  3 . The major change from our previous PY model is the addition of Ih, which is not present in most PY cells but is present in the LP neuron. Analysis of the dynamic responses of the cell to changes in the parameters of IA and Ih was performed using DsTool, a dynamic systems tool kit (Back et al. 1992 ) on a SUN (SPARClO) workstation. This software package is available via anonymous ftp from an ftp server on macomb.cam.cornell edu 132.236.122.12.
RESULTS
Dopamine-evoked changes in LP activity in the pyloric rhythm
A simplified wiring diagram of the pyloric network, showing the connections of four of the major neuronal types, is shown in Fig. 1A . The major pacemaker neurons, the AB and two PDs, are electrically coupled and fire synchronously, rhythmically inhibiting all the other neurons in the network. After the termination of the AB/PD burst, the follower cells recover from synaptic inhibition by postinhibitory rebound, but at different rates: the LP neuron begins firing before the majority of the eight PY neurons (Fig. 1 , B and C) . Eventually the accumulated activity of the PY neurons synaptically inhibits the LP cell. The PY neurons continue to fire until inhibited by the AB/PD burst that initiates the next cycle of the pyloric rhythm (Johnson and Hooper 1992; Miller 1987; Miller and Selverston 1982) . et al. 1993a,b, 1994, 1995) . The AB neuron is excited by dopamine but the electrically coupled PD neurons are inhibited and hyperpolarized ( Simultaneously, the LP neuron and a subset of the eight PY neurons are excited by dopamine, firing bursts with more action potentials and at higher frequencies. Both LP and PY neurons are phase advanced relative to AB activity in the pyloric rhythm (Fig. 1, E and F) . The LP onset phase is advanced from 0.55 t 0.02 (SE; n = 3) under control conditions to 0.36 tr 0.03 in the presence of dopamine (Fig. 1, C and F) . This phase advance is accompanied by a marked increase in the slope of LP repolarization following AB inhibition ( Fig. 1 E) . LP activity is terminated by the onset of firing of a subset of the PY neurons whose phase is also advanced by dopamine (Harris-War-rick et al. 1995) . As a consequence, the termination of the LP burst is phase advanced from 0.77 t 0.03 to 0.58 t 0.04 by dopamine (Fig. 1, C and F) . Both onset and offset phase advances during dopamine are statistically significant (P < 0.05).
Eflects of dopamine on synaptically isolated LP neurons
To demonstrate the direct effects of dopamine on the intrinsic rebound properties of the LP neuron, we performed experiments on cells that had been isolated from all detectable synaptic input by a combination of pharmacological blockade of synaptic inputs and 5,6-carboxyfluorescein-mediated photoinactivation of selected presynaptic neurons (see
The isolated LP neuron was held at the normal membrane potential ( -55 mV) throughout the experiment by tonic current injection. To simulate recovery after synaptic inhibition, the isolated LP cell was hyperpolarized by current injection, then depolarized to just above the threshold for action potential initiation. The pyloric rhythm cycles at frequencies between 0.2 and 2 Hz, and the time during which the LP neuron is inhibited and hyperpolarized varies, ranging from 400 ms to several seconds (Johnson and Hooper 1992) . Accordingly, we gave hyperpolarizing presteps of varying length between 200 ms and 1 s. We analyzed the rate and extent of recovery of activity in the isolated LP cell during the depolarizing step following hyperpolarizing steps of increasing amplitude. To quantify our data, we measured two parameters: the latency from the end of the hyperpolarizing prepulse to the first spike, and the first interspike interval (ISI), measured as the time between the first and second action potentials following the prestep. Figure 2A shows the control response of an isolated LP neuron following a series of l-s hyperpolarizing presteps of increasing amplitudes. During the prolonged hyperpolarizing presteps, a slowly developing depolarizing sag in the voltage is observed that was not seen in our previous study of PY neurons (Harris-Warrick et al. 1995) . We measured the amplitude of this sag voltage by subtracting the peak hyperpolarization during the voltage step from the voltage at the end of the step. As seen in Fig. 3A , under control conditions the sag is not detected at voltages more depolarized than -80 mV, but it rapidly increases in amplitude with more hyperpolarized voltages. The sag is eliminated by low concentrations (3-5 mM) of extracellular Cs + ions ( Under control conditions, the latency to first spike first gets longer with modest hyperpolarization, with a slow ramp depolarization that becomes longer with increased hyperpolarizing prepulses. Below -80 mV (sufficient to activate the voltage sag), the latency to first spike then begins to shorten and gets smaller as the voltage sag increases. This results in an inverted U-shaped relationship between first spike latency and hyperpolarizing prepulse amplitude (Fig. 4A ). An inverted U-shaped relation is also often seen between the first IS1 and prepulse amplitude: the first IS1 lengthens with modest l-s hyperpolarizing prepulses, but as the voltage sag is activated, the IS1 shortens ( Figs. 2A and 4B ). After 200-ms prepulses, the slow sag voltage is not yet significantly activated, and the relation between hyperpolarizing prestep amplitude and latency to first spike or first IS1 shows an increase that plateaus below -90 to -100 mV (data not shown). This is similar to our previous results with the PY neurons, which lack the hyperpolarization-activated sag current (Harris-Warrick et al. 1995) . Bath application of dopamine causes the synaptically isolated LP cell to depolarize and fire tonically at high frequency (Flamm and Harris-War-rick 1986a,b) . To compare the LP cell's responses to hyperpolarizing presteps under dopamine and control conditions, the current injection was adjusted to maintain the same resting potential and ampli- tudes of voltage steps under both conditions. Dopamine has two major effects on subthreshold activity in the LP cell. First, dopamine enhances the amplitude of the voltage sag during the l-s prepulse (Figs. 2B and 3B). Dopamine accomplishes this by shifting the voltage dependence of the sag voltage by 10 t 1.6 mV (n = 7) in the depolarizing direction (Fig. 3 B) . In the presence of dopamine, the threshold for detectable activation of the voltage sag is shifted to between -60 and -70 mV. If we block the voltage sag with 3 mM Cs+, dopamine does not activate any other slow depolarization in this voltage range (Fig. 3A) . same inverted U-shaped function as in the controls, but the latency is reduced at all prestep amplitudes (Fig. 4A) . The first IS1 also decreases in the presence of dopamine and becomes only weakly dependent on voltage (Fig. 4B) . We have performed a statistical analysis of the effects of dopamine following a l-s prestep to a peak hyperpolarization of -100 mV (Table 1) . Dopamine reduces the latency to first spike to 52 ? 4% of control values ( YI = 7; P < 0.001) and reduces the IS1 to 35 t 3% of control values (n = 7; P < 0.001).
Ionic conductances modulated by dopamine in the LP cell
We measured the input resistance of six LP neurons under current clamp with small ( 10 mV) hyperpolarizing current steps from -50 mV. Under control conditions, the input resistance was 5.4 2 1.9 MO. During bath application of 10 -4 M dopamine, the input resistance increased significantly to 6.6 t 2.1 M0 (P < 0.01). On washout of dopamine, the input resistance recovered to 5.5 t 1.8 MO. These results suggest that the net effect of dopamine near rest is a conductance decrease; however, several conductance changes could contribute to this net effect.
The results described above suggest that dopamine modulates one or more conductances whose degree of activation or inactivation is affected by hyperpolarization. The transient potassium current 1* is one such current. This outward current is mostly inactivated at the normal resting potential of the LP cell. Inactivation is removed by brief hyperpolarization, and 1* can then be transiently activated by depolarizations above -50 mV (Golowasch and Marder 1992; Graubard and Hartline 199 I ; Harris-Warrick 1989; Hartline et al. 1993; Tierney and Harris-Warrick 1992) . Thus 1* would be deinactivated during the period of LP synaptic inhibition in the pyloric rhythm, and would become transiently active as the LP repolarizes, helping to regulate the rate of postinhibitory rebound (Hartline 1979; Hartline and Gassie 1979) .
We measured 1* by two-electrode voltage clamp during pharmacological block of other currents ( see METHODS). Figure 5A shows 1* activated by a series of lo-mV voltage steps from -50 to +20 mV after a 200-ms prestep to -100 mV to completely remove its resting inactivation (Graubard and Hartline 199 1; Harris-Warrick 1989 ) . The threshold for detectable activation is between -50 and -40 mV. 1* increases with increasing depolarizations. The conductancevoltage relation (Fig. SC) was fit by the Boltzmann equation (Eq. 1) assuming a third-order relation. VA, the voltage for half-maximal activation of the individual gating steps, was -34 t 1.5 mV, with a slope value of -17 mV. The maximal conductance was 2.32 5 0.3 PS. Steady-state inactivation was measured using 200-ms presteps to varying hyperpolarized potentials followed by a test step to +20 mV. A firstorder Boltzmann fit to the data in Fig. 5C gave Vi, the halfmaximal voltage for inactivation, at -63.5 t 1.3 mV (n = 4) with a slope value of 9.7 mV. Although the peak currents were well clamped, the activation kinetics of 1* were too rapid to be fit reliably. The inactivation kinetics are complex and can be fit as the sum of two exponential components (Eq. 2, METHODS) with time constants of 34 t 6 and 103 t 15 ms after steps to 0 mV. Dopamine significantly reduced the peak amplitude of I* at all voltages below -40 mV (Fig. 5B ). This can be seen in the conductance-voltage relation (Fig. 5C ), where the maximal conductance was reduced from 2.3 to 2.13 t 0.29 PS (P < 0.01, paired t-test; n = 6). The voltage dependence for activation of the current was slightly but significantly shifted to the right by dopamine: VA was altered from -34 mV to -27.3 t 2.0 mV (P < 0.02, paired t-test; n = 6). Simultaneously, Vi, the voltage for half-maximal steadystate inactivation, was significantly shifted to the right, from -63.5 mV to -57 rf~ 1.6 mV (P < 0.04, paired t-test; n = 4). Analysis of the kinetic parameters in the presence of dopamine indicate a trend toward acceleration of the rate of inactivation, with the fast time constant declining from 34 IfI 6 to 20 ir 6 ms (P = 0.06) while the slow time constant changed from 103 t 15 to 84 t 17 ms; neither of these changes, however, reached statistical significance with our small sample size (n = 8). In addition to its reduction of 1*, dopamine enhances the slow hyperpolarization-activated inward current, Ih, which generates the sag voltage during prolonged hyperpolarizations (Figs. 2 and 3) . Under control conditions, 1h is slowly activated during prolonged hyperpolarizing current pulses below -70 mV (Fig. 6, A  and C) . This slow inward current is abolished by 5 mM extracellular Cs + (Golowasch and Marder 1992; HarrisWarrick et al. 1992; Kiehn and Harris-Warrick 1992; McCormick and Pape 1990) . A first-order Boltzmann fit to the data of Fig. 6C gives the voltage for half-maximal activation of -113 t 1.5 mV. Activation is very slow, and is best fit by a single-exponential process (Eq. 3, METHODS) with a time constant of 2.4 t 0.4 s at -130 mV. This time constant is voltage dependent, accelerating with increasing hyperpolarization. On repolarization to -50 mV, a pronounced tail current is observed that deactivates very slowly (Fig. 6A) .
& is significantly enhanced during 10 -4 M dopamine at voltages between -80 and -120 mV (n = 5; P < 0.05; Fig.  6 , B and C). A Boltzmann fit of the conductance-voltage relation during dopamine shows that the maximal conductance is not significantly altered by dopamine (0.11 t .02 DS in control vs. 0.09 t 0.01 US in dopamine: P > 0.05). Instead, the voltage for half-maximal activation is shifted by 20 mV in the depolarizing direction, from -113 mV to -93 t 2.4 mV (P < 0.01). This changes the threshold for detectable &, to between -60 and -70 mV (Fig. 6C) , within the range that is normally visited by the LP neuron during its membrane potential oscillations in the pyloric rhythm. The effect of dopamine is reversed on washout (Fig. 6C ). As expected, the prolonged tail currents measured after return to -50 mV are markedly increased by dopamine (compare Fig.  6, A and B) . In addition to changing the voltage dependence of &,, dopamine alters its activation rate, as seen in the current traces of Fig. 6 . The activation time constant, measured during a voltage step to -130 mV, was accelerated from 2.4 t 0.4 s under control conditions to 0.96 t 0.1 s during 10e4 dopamine (n = 5; P < 0.05). These results show that & will be more rapidly activated and to a greater extent at physiologically relevant hyperpolarized voltages in the presence of dopamine than under control conditions. Because of its very slow deactivation kinetics, this inward current will continue to depolarize the LP neuron for several seconds after repolarization.
Interaction of Lb Ih, and postinhibitory rebound dopamine in control of
Both 1* and 1h will be enhanced by LP hyperpolarization during its synaptic inhibition by the AB/PD and PY neurons in the pyloric rhythm. However, they have opposite effects on postinhibitory rebound, with 1* lengthening and & shortening the latency to first spike and first ISI. This can be demonstrated using selective channel blockers for these currents. Low concentrations of 4-AP (4 mM) and Cs + (3-5 mM) selectively abolish 1* and &, repectively, in stomatogastric neurons with no detectable effect on other ionic currents (Golowasch and Marder 1992; Graubard and Hartline 1991; Kiehn and Harris-Warrick 1992; Tierney and HarrisWarrick 1992). Figure 7 shows the effects of Cs+ and 4-AP on the first spike latency and IS1 after a series of l-s hyperpolarizing prepulses in a synaptically isolated LP neuron. Cs + (3 mM) (which reduces &-,), prolongs the latency to first spike (Fig. 7A ). As expected, this effect is most marked after presteps to more hyperpolarized voltages, where & is more activated. In four experiments, the latency following a prestep to a peak hyperpolarization of -100 mV increased from 165 t 36 ms to 301 t 106 ms in the presence of cs+; although a marked prolongation was seen with Cs+ in each experiment, variability in the baseline latency values and the small sample size in these experiments prevented this effect from being statistically significant. When 4 mM 4-AP (which abolishes 1J are added in the presence of Cs + , the latency is significantly shortened compared with both the pre-Cs + control and the Cs+ values (P < 0.05; Fig.  7A ) and its voltage dependence is much shallower. Similar results are seen when the first IS1 is measured (Fig. 723) : Voltage (mV)
Cs' blockade of & increases the IS1 after hyperpolarizing presteps, whereas 4-AP and Cs+ together shorten it and eliminate its voltage sensitivity. If dopamine excites the LP neuron primarily by enhancing 1h and decreasing I A, then its effects should be occluded by a combination of Cs' block of & and 4-AP block of IA. This is indeed observed, as seen in Fig. 8 . This figure shows the results of a single experiment in which dopamine was sequentially applied to the synaptically isolated LP neuron under control conditions (Al and Bl), in the presence of Cs' (A2 and B2), and in the presence of Cs + and 4-AP (A3 and B3). The first spike latency (Al -A3) and first IS1 (Bl-B3) were measured after a series of l-s hyperpolarizing presteps. The control responses to dopamine showed the typical reduction in latency and IS1 (Al and Bl ). When Cs+ was added, both latency and IS1 increased (compare control in Al and Bl with Cs+ in A2 and B2, and Fig. 7) . Dopamine still caused a significant decrease in both responses, but its effect was slightly reduced in the presence of Cs+ : the dopamine-modulated latency and IS1 were somewhat longer in the presence of Cs' than in its absence (compare dopamine responses in Al and A2 with Bl and B2). In four experiments, the mean first spike latency following a prestep to -100 mV in the presence of dopamine alone was 108 t 18 ms, whereas in Cs + and dopamine it was increased to 208 t 93 ms; although in each experiment the latency in Cs+ and dopamine was greater than in dopamine alone, this effect did not reach statistical significance because of the small sample size and variations in baseline latencies. Finally, addition of 4-AP and Cs' caused a marked decrease in latency and IS1 (Fig. 8, A3 and B3), and under these conditions dopamine had no further effect. Thus the combination of blockade of & by Cs' and IA by 4-AP occluded the effect of dopamine completely, suggesting that dopamine acts to reduce latency and IS1 primarily by acting on these two currents.
Dynamic clamp model of dopamine action
The dynamic clamp method (Sharp et al. 1993a,b) provides a way to study the role of a simulated ionic current in shaping the activity of a neuron. We used this method to study the relative importance of & enhancement and IA reduction in dopamine modulation of postinhibitory rebound in LP. As described in METHODS, a computer was programmed with equations representing the voltage-and timedependence of Ih (see METHODS).
The computer monitored the LP voltage via a microelectrode during our standard current injection protocols, calculated the &, that would result, and injected the simulated current into the cell. The parameters of the simulated 1h could then be altered between control and dopamine values, to determine the effect of changing 1h alone on the LP cell's postinhibitory rebound. The first step of this analysis was to show that the LP cell's endogenous &, could be eliminated and replaced with the computer-simulated &. Figure 9A shows the typical control LP response to a series of l-s hyperpolarizing prepulses, with a depolarizing sag voltage during the prepulse due to activation of &. The latency-prestep relationship is shown in Fig. 9D . Then 5 mM Cs' was added to eliminate Ih, resulting in the loss of sag voltage during hyperpolarization (Fig. 9B ) and a prolonged latency to first spike (Fig. 9 0) . Finally, the dynamic clamp, programmed with the control parameters for & from our voltage clamp studies, was activated; the simulated & is shown under the voltage traces in Fig. 9C . This restored the normal voltage sag and latency to first spike (Fig. 90) . In three experiments of this type, the latency to first spike after a -9O-mV prestep with simulated &, was 105.5 t 5% of that measured in the untreated cells (P > 0.35). Figure 1OA shows the biological effect of dopamine on an untreated LP neuron that was subsequently used for a dynamic clamp experiment. A normal effect of dopamine on the latency-prestep relationship was observed. In three experiments of this type, we quantitated the effect of dopamine on the LP neuron's latency to first spike following hyperpolarizing presteps to -90 mV, before studying the same neurons with the dynamic clamp. In these neurons, low4 M dopamine reduced the latency to 7 1 t 11% of control values. After the cell in Fig. 10A was returned to normal saline, the endogenous & was eliminated with 5 mM Cs + and replaced with the simulated & using the control parameters we obtained during voltage clamp. As in Fig. 9 , this yielded a control latency-prestep curve (Fig. lOB, open squares) very similar to the control in the untreated LP neuron (Fig. lOA, open squares) .
The next step of this analysis was to independently alter the parameters of the simulated 1h to those seen during dopamine, without changing 1*. This allowed us to determine the relative importance of & modulation in isolation. Two parameters of the simulated & were changed to values measured during dopamine in voltage clamp (Fig. lOB, open  triangles) . First, V 1/2, the half-activation voltage for &, was shifted by 20 mV in the depolarizing direction. This caused a depolarizing shift of 11.8 ? 0.5 mV in the voltage dependence of the hyperpoplarization-activated sag voltage measured in the LP neuron under current-clamp conditions (data not shown); this is not different from the lo-mV shift seen during dopamine on the intact LP neuron (Fig. 3 B ; P > 0.5). Second, the rate constant for activation of 1h was doubled. As seen in Fig. lOB , these alterations of 1h alone caused only a slight reduction in the LP neuron's latency to first spike. In three cells, modulation of the simulated 1h to dopamine parameters (without altering 1*) gave a reduction in latency to first spike to 94 t 3% of control; this was significantly different from dopamine's reduction of latency to 7 1% of control in the untreated cell (P < 0.01) .
Next, the & parameters were restored to control values and dopamine was bath applied in the continued presence of Cs + . Under these conditions, dopamine reduced 1* (and had any other effects that we have not yet detected) but had no effect on &, which was simulated by the dynamic clamp. Under these conditions, dopamine caused a very significant reduction in first spike latency (Fig. IO& filled triangles) that was, however, still less than seen with dopamine in the untreated cell, where both 1* and & change (compare with Fig. lOA, filled circles) . In three experiments, alteration of 1* alone in this way gave a mean spike latency after a -9O-mV prestep that was 80 t 6% of control values; this was still significantly different from the normal response to dopamine in the untreated cell (P < 0.05).
Finally, in the continued presence of dopamine and Cs' , the computer's parameters for the simulated & were changed to dopamine values (Fig. lOB, filled circles) . This allows modulation of both 1* and &, as in the LP neuron treated only with dopamine. Under these conditions, the first latency curve was essentially the same as that seen during dopamine were made from a single neuron. The latencies to 1 st spike (Al -A3) and 1st IS1 following l-s hyperpolarizing prepulses (Bl -B3) were measured. After control measurements, the cell was superfused with 10m4 M dopamine (Al and Bl). After washout of dopamine, the preparation was superfused with 3 mM Cs + (to block &) and then dopamine in Cs+ (A2 and B2). The preparation was washed in 3 mM Cs + and 4 mM 4-AP (to additionally block IA), and dopamine was applied a 3rd time in this saline. The effects of dopamine in normal saline are highly repeatable over 23 repetitions in a single preparation.
DA, dopamine.
application in the untreated cell (Fig. IOA, filled circles) . neuron from the crab, C. borealis. We made quantitative In three experiments, the combination of bath-applied dopa-modifications in initial parameters on the basis of our current mine to a C&treated LP neuron with simulated 1h set to measurements from the LP neuron in P. interruptus, which dopamine parameters reduced the first spike latency to 71 ~fr 11% of control values, essentially identical to the effect of dopamine in the untreated LP cell (P > 0.9).
These results confirm our conclusion that both 1* and 1h contribute to the reduction in latency and phase advance during dopamine application in the LP neuron. They suggest that the reduction in 1* is quantitatively more important than the enhancement of & in reducing the first spike latency during dopamine application: enhancement of & alone evoked only 20% of the total effect of dopamine on the reduction in first spike latency, whereas reduction of [A alone evoked -70% of the total effect of dopamine.
were necessary to fit our data. This conductance-based model assumes a single compartment containing the following currents: a voltage-sensitive sodium current (INa), a delayed rectifier potassium current [ 1k<v,], a calcium-activated potassium current [ lk(ca) 1, a transient potassium A current (1J with two inactivation rate constants, a voltage-sensitive calcium current &), a sag current (&), and a leak current (IL). The full set of equations used to describe this model are given in Table 2 , and the values of the parameters for the LP cell are given in Table 3 .
We sought to determine whether this model could reproduce the effects of dopamine on the first spike latency of the LP neuron. The experimental paradigm for measurement Mathematical model of LP cell response to dopamine of first spike latency was simulated with the model: a l-s hyperpolarizing pulse of varying amplitude was delivered, To further test whether the measured reduction in 1* and followed by a depolarizing pulse to just above threshold for enhancement in 1h are sufficient to explain the effects of spike initiation, and the latency to first spike was measured dopamine on postinhibitory rebound in the LP cell, we ana- (Fig. 11) . When control parameters for & and 1* were used, lyzed a mathematical model of this neuron. Our model is the curve relating peak prestep hyperpolarization to first based on the experimental work of Golowasch and Marder spike latency showed its typical inverted U-shaped form (Golowasch and Marder 1992; Golowasch et al. 1992) and (compare Fig. 11, Control, with Figs. 4A and 9, Control) I,, , as described in METHODS. The simulated inward current evoked during each step is shown at bottom; current marker: 1 nA. D: 1 st spike latency after l-s hyperpolarizing measured during dopamine application. For I*, the maximal measured during dopamine application. For I*, the maximal the kinetics of activation were accelerated (see Table 3 for the kinetics of activation were accelerated (see Table 3 for conductance was reduced, the voltage dependence for activaconductance was reduced, the voltage dependence for activa-details). These changes caused a significant decrease in the details). These changes caused a significant decrease in the tion and inactivation were shifted to the right, and the kinettion and inactivation were shifted to the right, and the kinet-first spike latency (Fig. 11 , Ih 'DA' + I* 'DA'). The shape first spike latency (Fig. 11 , Ih 'DA' + I* 'DA'). The shape its of inactivation were slightly accelerated. For Ih, the voltits of inactivation were slightly accelerated. For Ih, the voltof the hyperpolarization-latency curve was similar to that in of the hyperpolarization-latency curve was similar to that in age dependence of activation was shifted to the right, and age dependence of activation was shifted to the right, and control and to the curve seen in real dopamine-treated LP control and to the curve seen in real dopamine-treated LP A -Control -DA -130 -110 -90 -70 -50 Peak hyperpolarization (mV) For abbreviations, see Table 3 . The model resting potential was -50 mV. The simulated 1st spike latency response to current injection using the same protocols as the biological experiments is given with control conditions ( n ) , simulation of dopamine conditions for Ih and IA simultaneously ( + ) , for Zh only (a), and for IA only ( 0). Parameters used for control and dopamine conditions are given in Table 3. neurons. However, the reduction in latency (to -l/3 -l/4 of control values) was greater than seen in real LP neurons (t 0 -l/2 of control values ) .
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We also used the model LP neuron to study the relative contributions of reduction in IA and enhancement of & in altering the first spike latency (Fig. 11) . When the & parameters were altered to dopamine values (without changing IA values), only a modest reduction in first spike latency was observed, and this was primarily after larger hyperpolarizing presteps. In contrast, when the IA parameters were altered to dopamine values (without changing &-, parameters), a very significant decrease in first spike latency was observed that was, however, still slightly less than seen when both currents were altered. Thus the mathematical model of the LP neuron reinforces the conclusion we made using the dynamic clamp and pharmacological manipulation: the major effect of dopamine on first spike latency is due to a reduction of 1*; enhancement of Ih, although it is clearly detectable, is quantitatively less important.
DISCUSSION
Synaptic and cellular mechanisms of LP phase advance evoked by dopamine Dopamine excites and causes phase advances in the LP neuron in the pyloric network of the STG (Eisen and Marder 1984; Flamm and Harris-Warrick 1986a,b; HarrisWarrick et al. 1995) . Eisen and Marder ( 1984) showed that part of this phase advance results from a dopamineinduced loss of synaptic inhibition from the PD neurons. The PD neurons are electrically coupled to the AB neuron ( Fig. 1) and together form the major pyloric pacemaker group that inhibits all the other pyloric neurons, including LP neurons. The AB neuron uses glutamate as a transmitter and evokes a rapid-onset, short-duration inhibitory postsynaptic potential, whereas the PD neurons use acetylcholine to evoke a slower-onset, longer-duration inhibitory postsynaptic potential (Eisen and Marder 1984 (Johnson and Harris-Warrick 1990) . In the presence of dopamine, therefore, the AB/PD inhibitory postsynaptic potential onto the LP neuron has a shorter duration than under control conditions. This can allow the LP neuron to rebound and fire at an earlier phase in the motor pattern (Eisen and Marder 1984) .
In this paper, we show that in addition to this synaptic mechanism for phase advance of LP activity, dopamine evokes marked changes in the intrinsic electrophysiological properties of the LP cell, which allow it to rebound more rapidly after AB/PD inhibition. Dopamine causes a synaptically isolated LP cell to rebound more rapidly after a hyperpolarizing prepulse, and to fire at a higher spike frequency during a subsequent modest depolarization.
Together the synaptic and intrinsic changes caused by dopamine can explain the phase advance in timing of LP activity in the pyloric rhythm.
Using voltage-clamp techniques, we have shown that two subthreshold ionic currents, & and 1*, are modulated by dopamine in the LP neuron. These conductance changes can explain the more rapid postinhibitory rebound seen during dopamine. After a hyperpolarizing prestep (in the isolated LP cell) or after inhibition by AB/PD (in the intact network), the cell displays a ramp depolarization leading to tonic activity. &-, contributes to this ramp depolarization, because blockade of 1h with extracellular Cs+ causes a significant prolongation of the latency to first spike (Figs. 7  and 8 ). At the same time, 1* is transiently activated in the subthreshold voltage range, and opposes the ramp currents to retard the rate of postinhibitory rebound; the elimination of 1* with 4-AP causes a significant reduction in the first spike latency due to a marked increase in the slope of the postinhibitory depolarizing ramp (Figs. 7 and 8 ). This ramp is steeper during application of dopamine, causing the cell to fire sooner after the hyperpolarizing pulse. By shifting the half-maximal voltage for activation of 1h by 20 mV in the depolarizing direction and increasing its rate of activation (Fig. 6) , dopamine causes a greater fraction of this current to become active during LP hyperpolarization. This enhanced slow inward current will help depolarize the LP cell above threshold for spike generation more rapidly. In addition, & shows very slow deactivation (with a time course on the order of seconds: Fig. 6 )) so &, will contribute to the currents holding LP above threshold to spike at an elevated frequency during dopamine modulation. At the same time, dopamine reduces the maximal conductance of 1* and shifts its voltage dependence for activation and inactivation to more depolarizing potentials. Thus, in the critical subthreshold voltage range preceding the onset of spike activity, there will be less 1* to oppose the depolarizing ramp currents (including &), causing a phase advance in onset of LP spike activity. Thus both enhancement of &-, and reduction of 1* cooperate in dopamine's phase advance in LP activity.
When 1* and & are abolished by bath application of their selective blockers, 4-AP and Cs +, respectively, dopamine has no further effect on the rebound characteristics of the LP cell. The latency to first spike and IS1 are short and unaffected by dopamine (Fig. 8) . This result suggests that reduction of 1* and enhancement of & are the major ionic mechanisms by which dopamine alters both the rate of LP rebound and firing intensity following hyperpolarization. However, dopamine may affect other ionic currents that do not play important roles in postinhibitory rebound but that may alter other intrinsic properties of the cell. For example, dopamine markedly strengthens all the synaptic outputs from the LP onto its follower cells (Johnson et al. 1993a (Johnson et al. ,b, 1994 (Johnson et al. , 1995 . This synaptic action of dopamine may be due to modulation of other ionic currents in addition to 1* and &.
Although both 1* and & contribute to dopamine's modulation of LP postinhibitory rebound, several results suggest that modulation of 1* is quantitatively more important than &. First, pharmacological blockade of & with Cs+ only slightly reduces the net effect of dopamine on the latency to first spike and IS1 (Fig. 8) . Second, our dynamic clamp experiments showed that altering &, alone caused only a modest reduction in first spike latency (Fig. 10 ). In contrast, altering 1* alone (by adding dopamine in the presence of Cs+ and modeling the simulated &, with control parameters) caused over two thirds of the total reduction in first spike latency seen in the untreated LP cell. Third, similar results are seen in our exploration of a mathematical model of the LP neuron (Fig. 11) . Altering the parameters of & alone produced rather modest reductions in first spike latency, whereas altering the parameters of 1* alone produced much larger reductions. However, these were still smaller than the effects of altering the parameters of & and 1* simultaneously, which mimic the effect of dopamine in real LP neurons. 1995) . As with the LP neuron, dopamine reduces the latency to first spike and the first IS1 in a subset of responsive PY neurons. However, the detailed ionic mechanisms of dopamine modulation of rebound are somewhat different for the two cell types. First, dopamine reduces 1* in both cell types, but by different mechanisms. In the PY cell, dopamine selectively reduces the amplitude of a slowly inactivating component of I A, with no effect on its kinetics or on any parameters of a rapidly inactivating component of IA. In the LP cell, dopamine reduces the maximal conductance of both rapidly and slowly inactivating components of IA. It also has a tendency to reduce the time constants for inactivation of both the rapidly and slowly inactivating components of IA, although with our small sample size this effect did not reach statistical significance. In both cells, dopamine shifts the voltage dependence for activation and inactivation to the right, requiring more depolarization to activate the current. However, because the control halfactivation voltage for IA in the LP cell ( -34 mV) is 9 mV more depolarized than in the PY cell ( -43 mV), the effect on the LP neuron is greater. Second, dopamine enhances & in the LP cell. & is not detectable in most PY cells, so this response is not observed (Harris-Warrick et al. 1995) . Thus dopamine modulates rebound primarily by one ionic mechanism in the PY cells but by two interacting mechanisms in the LP cell.
Roles of IA and Ih in phasing and postinhibitory rebound Several theoretical and experimental papers have addressed the roles of IA and & in determining phasing of neuronal activity in rhythmic motor patterns. Golowasch et al. (Buchholtz et al. 1992; Golowasch et al. 1992 ) analyzed a mathematical model of the LP neuron in the crab, C. borealis, which forms the basis for our model of the lobster LP neuron. They modeled inhibition of the LP neuron by its synaptic neighbors and showed that a depolarizing shift in the voltage dependence of & caused a phase advance in LP onset of activity, whereas a change in the maximal conductance of & had little effect. Our model and our dynamic clamp simulations show the same result for the lobster LP neuron. A positive shift in the half-maximal voltage for activation of IA also caused a phase advance and increase in spike frequency in this LP mathematical model, as did a reduction in the IA maximal conductance. Our experimental results show that dopamine modulation does in fact alter these parameters of & and IA, leading to the phase advance and increased spike frequency predicted by the model. In a mathematical model of the leech heartbeat oscillator, & and IA also play important roles in determining the timing of activity of the heart (HN) interneurons (Angstadt and Calabrese 1989; Schutter et al. 1993) . Within a single ganglion, the heartbeat oscillator was modeled as a pair of neurons with reciprocal inhibition and marked postinhibitory rebound. & plays an important role in escape from inhibition to initiate a new burst, because blockade of this current with Cst eliminates rhythmic alternation of left and right HN interneurons both in experimental preparations and in the model. When an increase in the maximal conductance of & was modeled, the cycle frequency increased, and as expected, increases in the maximal conductance of IA counteracted this effect. An increase in cycle frequency in this system is analogous to the phase advance we observed during dopamine-evoked enhancement of 1h and reduction of IA in the LP neuron.
Another leech interneuron, cell 204, normally plays a gating role in the initiation of swimming (Weeks 1982; Weeks and Kristan 1978) . This cell is excited by serotonin, which causes a modest depolarization, reduces its threshold current for swim initiation, and converts cell 204 into a trigger cell that evokes prolonged swim episodes (Angstadt and Friesen 1993a,b) . Serotonin enhances postinhibitory rebound and evokes a depolarizing sag during maintained hyperpolarizing current steps. Ion substitution experiments in current clamp suggest that serotonin modifies postinhibitory rebound by modulating at least two currents in cell 204: 1) enhancement of & and 2) enhancement of a persistent Na+ conductance, INas (Angstadt and Friesen 1993a,b) . Serotonin also enhances postinhibitory rebound in leech swim motoneurons (Mangan et al. 1994) .
A different mechanism for modulation of postinhibitory rebound is seen in lamprey sensory neurons (Christenson et al. 1993) . Touch primary sensory neurons rebound more rapidly after a hyperpolarizing prepulse than do pressure neurons. Touch cells possess a Co 2+ -sensitive low-threshold Ca2+ current, lcacTj, that is activated at subthreshold voltages and helps repolarize the touch cells. The pressure cells apparently do not express this current, and thus repolarize more slowly after inhibition.
These results, along with our own, emphasize the importance of subthreshold currents such as IA, Ih, and lcacTj in regulating the phasing of neuronal activity during rhythmic behaviors. These currents are often very small compared with the currents activated by larger depolarization, but they dominate the cell's activity in the subthreshold voltage range when most other voltage-sensitive currents are not active. In this way they can determine the rate of postinhibitory rebound, and subtle modifications of their parameters can cause significant changes in the timing of neuronal activity and eventually the behavior of the organism.
